Recom bina tion
Calculation of General Recombination at
Constant Collecting Voltage Dosimetric ionization chambers are usually connected by cable to an electrometer and the voltage across the chamber is maintained constant during the period of charge collection. When a cable-connected chamber is used in the charge integrating mode, the voltage drift of the collecting electrode during ion collection is limited to the small driving voltage required by the amplifier and this drift will have no measurable effect on the recombination. If the active volume of the ionization chamber is defined by a guard ring, however, any appreciable voltage drift of the collecting electrode can change the active volume (Boag, 1964b) . It is, therefore, important that the electrometer amplifier shall be designed to cope with the frequency spectrum of the pulse and so maintain the active volume constant during the 5 period of charge collection. Condenser chambers, in which a larger voltage change occurs during ion collection, are discussed in a separate section (Section 2.4).
Theoretical Assumptions
In an ionization chamber exposed to instantaneous, non-overlapping pulses, the effect of general recombination can readily be calculated if certain assumptions are made. These are:
(1) The electrons liberated in the gas immediately attach themselves to molecules to form negative LOns.
(2) The charge carriers are positive and negative ions with well-defined mobilities k I and k 2 .
(3) Recombination occurs at the rate an]n 2 where n], n 2 are the concentrations of positive and negative ions, respectively, and a is a constant called the "recombination coefficient." (4) Space charge due to the ions does not significantly affect the externally applied collecting field. (5) The ionization chamber has a simple geometrical form-plane parallel, cylindrical or spherical geometry or a simple combination of these. (6) Thermal diffusion of the ions can be neglected in comparison with their drift in the electric field.
The first of these assumptions is examined in detail in the Appendix of this report, where it is shown to be a reasonable approximation for many of the ionization chambers commonly used for dosimetry. The fourth assumption will later be relaxed (see Section 2.2.4), and the effect of space charge allowed for or, at least, upper and lower bounds set for this effect. The sixth assumption can be considered entirely valid at the field strengths normally used in dosimetric ionization chambers.
Collection Efficiency in a Plane Parallel
Ionization Chamber Figure 2 .1 is a diagrammatic view of a plane-parallel ionization chamber which has received an instantaneous radiation pulse and from which the ions are being collected. The space between the plates (which are separated by a distance, d) consists of three regions: (1) a region of width ~l close to the negative plate from which all the negative ions have been driven out; (2) a similar region, of width, 6, close to the positive plate but containing only negative ions; and (3) Overlap of positive and negative charge distributions in a plane-parallel chamber during the collection of an instantaneous pulse of ionization. (From Boag, 1966.) charge exchange, maintain equal though declining concentrations, as long as the overlap persists.
The region of width .5. will be called the "positive space-charge sheath" or simply the positive sheath and that of width 6. the negative sheath.
If the initial ion density, no, is assumed to be uniform throughout the volume of the gas cavity, a condition which will generally be adequately satisfied in a small ionization chamber designed for the measurement of absorbed dose at a point, then the ion density within the region of overlap will decline with time (t) by ionic recombination in accordance with the second order equation: no n = ---"---
It is noteworthy that in the overlap the positive and negative ion densities remain equal at all times and so the net space charge there is zero, however large the initial charge density, no, may be. Consequently, the field strength remains uniform through the overlap even when it is reduced below the applied field, X = V/d, by the screening effect of space charge in the two sheaths. If we neglect the latter effect for the present, we calculate that the overlap is narrowing at the rate (k} + k 2)X and will vanish after a time T} = d/l<k} + k 2 )XI. After this interval T}, the positive and negative ion clouds have separated and so no further recombination can occur. It is, therefore, easy to calculate the fraction of the ions which recombine during the lifetime of the overlap, T}, and hence, to deduce the fraction collected, where r = noe is the initial charge density of each sign and p = a constant, involving the recombination coefficient and the mobilities.
In Figure 2 .2 the collection efficiency, I, is plotted against the dimensionless variable u.
Collection Efficiency as a Function of the Measured Charge Density
In Eq. (2.4), r stands for the charge density liberated per pulse. The charge density measured is then equal to Ir, which we shall denote by p, and it is often more convenient to express f in terms of the measured value, P , instead of the unknown ideal value, r.lfwe put f/ = p(pd 2 /V) we see at once from Eq. (2.3) that
Model of space charge distribut ions in a plane pa rallel ionization chamber, used to calculate the reduced field in the overlap and, from th is, the increased recombination due to space charge. q+ (t), q(t) = volume density of positive and negative charge (respectively) at time t after the radiation pulse. In modell , the charge density in the sheaths is assumed to be that in the overlap.
In model 2, the charge density in the sheaths at time t is assumed to be equal to that in the overlap at time t /2 .
In model :3, the sheath densit.ies are assumed to decline in inverse proportion to the field strength within the sheath. Hence f = II/(e -1) (2.5)
In Figure 2 .2, the curves applicable to II are drawn in, using a common abscissa scale for u and 1/.
Screening Effect of Space Charge
At very high pulse doses , the screening effect of the free charge in the two sheaths cannot be neglected. This reduces the electric field in the overlap and thus prolongs the period during which recombination can occur. An exact solution of this case, even for a plane parallel chamber, has not been achieved, but several satisfactory approximations have been worked out by assuming particular forms for the distribution of space charge in the sheaths. Three of these models are illustrated in Figure 2 .3. In each case, one can calculate from the model the rate of narrowing of the overlap as a function of time and, making use of Eq. (2.2), the proportion of recombination which occurs. It has been shown (Boag, 1950) that the space charge correction, even for model 2 in Figure 2 .3, which certainly exaggerates the effect, is surprisingly small and the result is equivalent to shifting the saturation curve (Figure 2 .2) a short distance along the logarithmic abscissa axis, that is, to increasing slightly the "constant" f.l in Eq. (2.4) without changing at all the general form of the curve. This is important, since we indicate below that f.l cannot be regarded as a universal constant, but should rather be determined for any particular chamber by making a few saturation measurements under normal operating conditions. The value thus found will allow automatically for the space charge shift which will usually be small. A detailed discussion of the value of f.l is given in the Appendix.
Cylindrical or Spherical Ionization Chambers
Most cable-connected chambers used for dosimetry have a gas volume which is approximately cylindrical, while the geometry near the end is approximately hemispherical, as shown for a typical chamber in Figure  2 From Boag (1966) . The boundary defined by r2 is moving at a velocity k~X(r2 ). The boundary defined by rl is moving at a velocity k1X(rl).
there is no net charge and inner and outer "sheaths" each containing ions of one sign only. The field strength varies in a chamber with the ratio of outer to inner radii (alb) and so, therefore , does the drift velocity of the ions. Their spatial concentration, however, remains constant as they move towards the electrodes since the change in radial velocity is exactly compensated by an inversely proportional change in the circumferential spacing of the ions. The overlap, therefore, remains free from space charge and recombination proceeds uniformly throughout it, as in a plane chamber. The duration of overlap is somewhat longer, however, than with plane geometry for the same spacing and applied voltage. It has been shown (Boag 1950; 1966) that the collection efficiency in cylindrical and spherical chambers can be expressed by exactly the same formula as before (Eq. 2.3) but with the radial spacing of the electrodes, (ab), increased by a "field distortion factor," Kcyl or K sph , which allows for the cylindrical or spherical variation of the electric field. Thus
for a cylindrical chamber and a similar expression for a spherical chamber, with K sph replacing K eyl . The theoretical formulae for K eyl and K sph are: been investigated (Boag, 1979 ) and found to have approximately the same effect as in plane geometry, viz., it causes a small displacement of the saturation curve along the abscissa axis which can be allowed for automatically by adopting an empirically determined value of p.
When large pulse doses have to be measured, chambers with pronounced cylindrical or, worse, spherical geometry-that is, large values of (alb )-must be avoided. It is not only the increase in effective spacing due to the factors K eyl and K sph which reduces the value of [, but also the fact that the permissible collecting voltage across the ionization chamber is restricted by the occurrence of ion multiplication by collision at the point of highest field strength. A true comparison between the different geometries must therefore be based on equal maximum field strength in the gas. Using this criterion, it can be shown (Boag, 1964a) that, for any given collection efficiency, [, the values of dose per pulse which can be measured in cylindrical or spherical geometry, relative to unit dose in a plane chamber, are as shown in Table 2 .1.
A Two Point Technique for Assessing Collection Efficiency
When a pulse-irradiated ionization chamber similar to Figure 2 .4 is used, whose dimensions are uncertain or for which the appropriate value of p is not known, some simple and rapid test for its collection efficiency is desirable. If ionic conduction obtains, such a test can be devised, since the saturation curve has been shown to conform closely to the theoretical shape (Figure 2 .2) and a change in dimensions or in the value of p merely displaces the curve along the logarithmic abscissa axis.
Let two separate measurements of charge collected by made at the same absorbed dose per pulse, but with different collecting voltages, and let the charges collected at potential differences of VI and V 2 be ql and q2, respectively. Also, let qo be the true value of charge liberated before recombination. Then we can write (Boag, 1950): where f, is plotted against (q dq2) for several values of the voltage ratio VdV 2 . It is usually convenient to choose a value of V ,IV 2 of about 5 to 10 in order that the upper point shall be fairly near saturation and the lower point well away from saturation. In making the two ionization measurements, a reliable monitor must be available to allow for any fluctuations in the output of the radiation source. The value of J.l also can be deduced, of course, from the value determined for U 1 if the chamber dimensions are known.
Collection Efficiency in "Swept Beam" Irradiation Techniques
In some pulsed electron accelerators, the uniform irradiation-of large fields on a patient is achieved by magnetically sweeping the beam over the field in a zigzag pattern with interlacing of successive sweeps. In this way, the field is irradiated by a uniform spatial density of electron pulses, each pulse giving a peak dose at the instantaneous position of the beam axis and a Gaussian radial distribution around the axis. An ionization chamber placed anywhere in the field will therefore be exposed to a distribution of pulse sizes, ranging from very large pulses when the beam is pointing directly at the chamber to very small ones when it is pointing at a distant part of the field. In such a technique, the collection efficiency of the chamber is an average value obtained by integrating the basic formula, Eq. (2.3), over the distribution of pulse size. This matter has been dealt with in detail elsewhere (Boag, 1982; Majenka et al., 1982) and it is shown that a two-voltage check is again applicable, but with a modified formula. If the collection efficiency at Viis ¢( ji), where r is a dimensionless product analogous to u, and if Qb Q2 are the observed charge readings at VI, V 2 , respectively, then ¢(ii) can be evaluated from the chart in Figure 2 .8. If the electron beam diameter (to, say, the 50 percent isodose contour) is comparable with the dimensions of the field swept out, further information is required and the original publication should be consulted.
The Effect of Overlapping Pulses
For ionization dosimetry, the criteria which determine whether pulses can be collected independently have been set out formally in Section 1.4 and in Figure  1. 2. The transit time, T 2, of ions between the electrodes must be less than the interpulse interval, I . In a small dosimetric ionization chamber with, say. 300 volts applied to a 3 mm airgap, this transit time is approximately 2. 3 X 10-4 s, and in this case no interference between pulses can occur unless the pulse repetition frequency exceeds 4000 Hz, which would be most un- usual. However, if a very large chamber is used to measure relatively low intensity radiation from a pulsed accelerator, very different conditions exist. Suppose that a spherical chamber having a gas space with outer radius a = 10 cm, inner radius b = 1 cm, and a collecting voltage of 350 volts, is used to measure a radiation dose rate of 0.01 Gy h -I at a pulse repetition frequency of 100 pulses per second. Under these conditions, the transit time of an ion across the chamber will be 0.7 s, assuming an ionic mobility of 1.3 X 10-4 m 2 s-l V-I. Hence, 70 pulses of ionization will be in transit through the chamber at any given instant. The recombination conditions in such a chamber will be almost identical with those which apply to continuous irradiation at the same mean dose rate, and in this case, one would expect some 5 percent recombination to occur (Boag, 1966) , i.e. , a collection efficiency f = 0.95. The magnitude of the dose in a single pulse, however, is only (0.01/100 X 3600) = 2.8 X 10-8 Gy and the efficiency with which single pulses of this size could be collected in the above chamber may be calculated from Eqs. (2.3) and (2.8).
The value obtained is f = 0.999 which is clearly quite different from that for repetitive pulsing. Before applying these single-pulse equations to any unusual situation, it is, therefore, essential to check that no overlap between pulses can occur under the particular experimental conditions. To facilitate such checks, the formulae for the transit time, T 2, across plane, cylindrical and spherical chambers are given below, where k is the mobility of the slowest ions present.
Plane geometry:
Cylindrical geometry: Spherical geometry: Moriuchi (1973) has developed a theoretical model for overlapping pulses and has carried out experimental 2.3 Free Electron Collection • • • 11 studies, but the resulting formulae are complex and not 0 .9 of sufficiently general application to quote here. The original publication should be consulted. 0.8
Free Electron Collection
Although ionization chambers designed for pulsed radiation will generally be used for photon or electron dosimetry and will, therefore, usually be air-filled, there may be occasions when other gas fillings are appropriate and, in particular, gases which do not form negative ions may be used. In such cases, the negative charge carriers will be exclusively electrons. Even in an air-filled chamber, an appreciable proportion of the electrons liberated may cross the chamber without attachment to molecules if the gap is short and the field strength high (see Appendix). The conditions which must be met to achieve efficient charge collection when the electrons remain free are discussed below.
In the measurement of pulsed radiation with an ionization chamber having an electrode spacing of only a few mm and a sufficiently high collecting voltage, any free electrons will be swept to the anode in a time much less than a microsecond, leaving a uniform positive space charge filling the chamber. If the collecting voltage is progressively reduced or the pulse size further increased, a limit will be reached when the electric field due to the space charge, being in opposition to the applied voltage, will screen the collecting field from the vicinity of the anode, which will generally be the central electrode. Electrons will then be swept away immediately only from the region into which the field can penetrate, leaving a field -free region round the anode. Within this region, positive ions and electrons, initially present in equal concentrations, can diffuse freely without recombining, since the recombination coefficient of positive ions with free electrons is several orders of magnitude lower than that between positive and negative ions. In view of the much more rapid diffusion of the electrons, a positive space charge will develop inside this screened region also. This will produce a potential maximum which will act as a "watershed" for positive ions, driving some back to the anode and thus reducing the collection efficiency. In a cylindrical or spherical chamber, the volume of the screened region and the position of the "watershed" will depend upon whether the central electrode is positive or negative, so a polarity effect will be observed on the collection efficiency.
Plane Para))el Geometry
The limiting voltage at which the electron collection efficiency of a plane parallel ionization chamber begins to fall below unity due to space charge screening is given by Boag (1966):
where K = 5.65 X 10 10 V me-I (1.88 X 10 3 V cm (esu)-l)
Cylindrical Geometry
In a cylindrical ionization chamber having radii a,b
(a > b), the lowest voltage for complete electron collection is where and V cyl = Kr(a -b) 2 X F(alb) K has the value quoted above
The factor F is plotted against (alb) in Figure 2 .9. F is the ratio V cyl/V plane for eq ual electrode spacing, d or (a -b), and it is interesting to see that space charge screening is rather less effective in cylindrical than in plane geometry. If the maximum field strength in the chamber is taken as the limiting criterion, however, the plane chamber is able to clear a larger pulse than the cylindrical chamber having the same electrode spacing.
No satisfactory theory exists for the efficiency of electron collection in an ionization chamber exposed to pulsed radiation when operated at voltages below the limiting value given by Eqs. (2.11) or (2.12). Fig. 2.10 . Average collection efficiency of a condenser chamber exposed to many small pulses of radiation. ,\ equals final chamber voltage/initial voltage. The curve is broken into two parts for accuracy in reading. Examples: For ,\ = 0.5 and u = 0.06, I av = 0.96; for .A = 0.5 and u = 0.70, lav = 0.70. From Boag (1966).
Condenser Ionization Chambers
Condenser ionization chambers are used less frequently than formerly and a very brief discussion will suffice here, particularly as a full discussion can be found elsewhere (Boag, 1950; 1966) . It has already been noted (Section 2.2) that a chamber which is permanently coupled to an electrometer amplifier, even when used in the charge integrating mode, is not to be regarded as a condenser chamber since its voltage drift during the exposure is limited to the small driving voltage required by the amplifier and Eq. (2.3) will still be valid.
Collection Efficiency for a Train of Small Pulses
If a condenser ionization chamber is used to measure a train of small pulses of equal size, then its collection efficiency will be an average value, fay, derived from Eq.
(2.3) by averaging f over the voltage range from V o , the initial value, to Vb the final value (Boag, 1950; 1966) . fay is, therefore, a function of u (evaluated for V = Yo) and of ;\ = V1/V o . A chart for fay is given in Figure   2 .10.
Collection Efficiency for a Single Large Pulse
A different situation exists if a condenser chamber is used to measure a single large pulse. In this case, the falling collecting voltage influences the rate of disappearance of the overlap and a detailed calculation has to be made. The result (Boag, 1950; 1966 ) is plotted in Figure 2 .11. 
Inapplicability of the Two Point Check on Saturation
In the case of condenser ionization chambers, it is not a simple matter to carry out a "two-voltage" check on their saturation behavior as described earlier for cable-connected chambers. Besides, Figure 2 .7 would not apply and the additional variable ;\ would be involved. On the other hand, the recombination correction cannot become very large, particularly for a train of pulses, since the capacity of the condenser chamber itself limits the size of the individual pulses that could be measured. A knowledge of Ii based on measurements with a cable connected chamber, or even a value taken from the literature (Boag and Currant, 1980; Rawlinson, 1973; Ellis and Read, 1969) , will, therefore, usually suffice for the calculation of the small correction involved.
Vacuum Ionization Chambers (SEMIRAD)
An extreme method of eliminating ionic recombination is to evacuate the chamber, thus removing the ions entirely, or at least to such an extent that the secondary electrons from the walls of the chamber have a free path much longer than the electrode gap. These so-called "vacuum chambers" or SEMIRAD monitors (secondary emission radiation monitors) have been developed for the measurement of extremely large pulses of x or gamma rays. They are not suitable for dosimetry in charged particle beams because no adequate theory exists for this application, though they are widely used as beam current monitors.
The principles involved in charge collection by the central electrode in a SEMIRAD monitor are quite different from those which obtain in a gas-filled ionization chamber and they have been fully described elsewhere (Greening, 1954; Burlin, 1972) . Briefly, the applied voltage alters the trajectories of the secondaries as they cross the chamber gap and may attract or repel the secondaries depending on the polarity of the central collecting electrode. Such chambers therefore invariably show polarity effects.
SEMIRAD monitors cannot be used as primary dosimeters but only as monitors calibrated for precisely the type of radiation field to be measured. Such monitors should be almost independent of pulse size and frequency, but they may show marked directional dependence when used in a unidirectional radiation beam. A detailed account of their properties has been given by Burlin (1972) .
The Use of Single Particle Detectors
In radiation protection work, calibrated Geiger counters or other single particle detectors are sometimes used to survey the radiation from continuous radiation sources (isotope sources, x ray tubes, etc.). Such detectors have an inherent "dead time" after recording a particle and they are quite unsuitable for measuring pulsed radiation. Such apparatus will often record only the pulse repetition frequency.
The Design of Ionization Chambers for
Pulsed Radiation
The principal design quantity which affects recombination in a pulsed ionization chamber is the time during which the overlap persists. To reduce this to a minimum, one must design for short inter-electrode distance and relatively uniform field strength (a/b should not be large). It is essential to avoid pockets of low field strength within the chamber. If a guard electrode projects into a closed ionization chamber, the "active volume" from which ions are collected on the central electrode is determined by the limiting lines of force which terminate on the guard electrode. Space charge in the sheaths may distort these lines of force during ion collection and so alter the active volume. In a plane parallel chamber with a short airgap and a wide guard ring, this effect is minimal, but in a small cylindrical or spherical chamber it may become important. In such chambers, it is advisable that any guard electrodes which may be necessary to prevent leakage in the cable, or to reduce its effective capacitance, should be terminated before entry into the ionization chamber. 
